INTRODUCTION
There is abundant literature on the structure and properties of polyacrylonitrile (PAN) fibers. Some studies have dealt with the application of these fibers as precursors of carbon fibers, whose mechanical proper ties are appreciably determined by the characteristics of PAN fibers [1] [2] [3] . The aforementioned relationship has stimulated research into the structure and mor phological features of PAN fibers that aims to gain insight into the mechanism of passing the properties from initial fibers to carbon fibers. In the course of transformation, PAN fibers are subjected to very severe thermal effects in a wide temperature range in oxidative and inert media. Nevertheless, their struc tural features are passed to the related carbon fibers at the molecular and supramolecular levels and directly influence the properties of the latter fibers.
Investigators have sought to optimize the proper ties of PAN fibers both in terms of mechanical charac teristics and chemical composition to produce high strength carbon fibers. For this purpose, the molecular mass of a polymer is controlled, stretching in different media or dry wet forming is performed, and versatile comonomers and initiating additives are introduced into polymer chains [4] [5] [6] [7] .
Usually, carbon fibers are obtained from acryloni trile copolymers. Methacrylate, methyl methacrylate, vinyl acetate, etc. (5-10%), are used as comonomers. Moreover, small amounts (1.0-1.5%) of compounds initiating polymer cyclization, for example, itaconic acid, acrylic acid, methacrylic acid, and acrylamide, are introduced into polymer chains [6] . The glass transition temperature of PAN ranges from 80 to 100°C [8] . However, long before the onset of melting, PAN is subjected to degradation. To avoid this effect, attempts to form fibers from PAN plasticized by water were made [9] . On the basis of the as prepared fibers, carbon fibers with attractive mechanical characteris tics were obtained. The formation of fibers from poly mers plasticized by water is profitable from the point of view of replacement of PAN solutions in organic sol vents.
The microfibrillar structure characteristic of PAN fibers forms when the polymer solution is placed into a liquid setting bath, where the solution is separated into phases via the mechanism of nucleation and growth of nuclei of a new polymer phase [10] . Since the fiber is simultaneously stretched under the action of uniaxial mechanical field, microfibrils with dimen sions dependent on the concentration of the spinning solution and the composition and temperature of the setting bath are formed. The microfibrils are 10-100 nm in diameter [10] [11] [12] . The structure of PAN fibers cannot be determined as crystalline, since the distinct reflections from regular elements of the fiber structure are observed only on the equator of the X ray pattern with d 1 = 0.525 nm and d 2 = 0.305 nm, a result that is indicative of the transverse ordering in macro molecules oriented along the fiber axis [13] [14] [15] [16] [17] [18] [19] . Moreover, on the meridian, there are no distinct (001) reflections in the quadrants (hkl) of the X ray pattern, thus indicating the absence of ordering along the mac romolecule axis.
During the long term recording of X ray patterns, a broad meridional scattering at 0.23 nm and a similar scattering in quadrants of ~0.35 nm can be observed [20] , but the latter scattering is too diffuse to be con sidered a distinct reflection from the ordered elements of polymer chains. Nevertheless, different terminol ogy is used to characterize the PAN fiber structure, in order to render the absence, on the one hand, of strict three dimensional ordering and, on the other hand, incomplete disordering. In particular, the structure was characterized as "laterally ordered" [15, 18] . [13, [25] [26] [27] [28] [29] , it was determined as a two phase structure with regions of ordered and disordered rods [13, [25] [26] [27] [28] [29] . As was shown in [30] , the optimal description of the mor phological features of the structure of PAN involves laterally ordered curved rodlike macromolecules with small regions of three dimensional crystallinity. On the basis of the experimental data obtained via dynamic mechanical analysis (DMA), DSC, and WAXS, it was inferred [20] that the structure of PAN should be considered a mesophase and, hence, at ther modynamic equilibrium. We hold this viewpoint. For the PAN homopolymer, the mesophase is stable in a wide temperature range (from 100 to 320°С). The rodlike helical PAN macromolecules form a structure with hexagonal packing; with allowance for their spa tial irregularity, the structure of PAN can be inter preted also as a condis crystal. At the glass transition temperature, the mesophase passes from the mobile state to the immobile glassy state.
Properties and Structure of Polyacrylonitrile Fibers
Depending on thermal prehistory, PAN can form one phase (mesophase) or two phases, one of which is ordered and has the structure of a mesophase, while the other is the amorphous phase. Two phase mor phology is characteristic of unstretched unoriented samples not exposed to heat treatment [20] . The unusual behavior of PAN during heating in the glass transition region (80-110°С) has been observed by many researchers [31] [32] [33] [34] . The DMA studies of the glass transition of unoriented samples showed the presence of two main mechanical loss peaks of almost equal intensities in the ranges 90-100°С and 140-170°С [35, 36] . The interpretation of the two above peaks is controversial.
For example, two relaxation peaks on the DMA curve of PAN are considered two glass transition regions owing to two types of intermolecular interac tion: van der Waals forces (transition at 90°С) and dipole-dipole interaction between polar nitrile groups (transition at 140°С) [35, 37] . However, the proposed mechanism is not satisfactory, since it does not allow an explanation of the disappearance of the high tem perature peak during annealing. It was believed [38] that a low temperature peak (at 109°С) in the DMA curve is related to the relaxation process in the amor phous phase and that a peak at 160°С is due to the mobility in the ordered phase. The opposite point of view is considered in [36, 39] , where the relaxation process in the vicinity of ~160°С is assumed to be gov erned by the mobility of structural elements in glassy amorphous zones, while the process in the low tem perature region (~110°С) is assumed to be related to the mobility of structural elements in paracrystalline domains. Such an interpretation was confirmed by experiments that showed that PAN single crystals demonstrate mobility only in the low temperature region, whereas, in a specially synthesized amorphous polymer, a high temperature peak is observed solely [23] .
In addition, the stretching or annealing of PAN samples gives unexpected results. During stretching, the intensity of the high temperature relaxation peak (~160°С) decreases and, at high stretch degrees, it dis appears, whereas the peak at 110°С remains unchanged [39, 40] . The aforementioned contradic tions in the interpretation of relaxation processes stimulated studies on elucidating the nature of molec ular mobility in PAN.
In this study, the nature and mechanisms of molec ular motion in PAN fibers were investigated via com plementary DMA and TMA methods. In this case, it was taken into account that DMA records molecular motions related to all rearrangements of a polymer, both of the physical character (relaxation phenomena, phase transitions) and the chemical character (degra dation, cyclization, etc.). At the same time, TMA results in detection of only processes due to molecular motion, which result in changes of the linear dimen sions of fiber or film.
EXPERIMENTAL
In experiments, commercial acrylic fibers in the form of bands consisting of 93% acrylonitrile, 5.7% methyl acrylate, and 1.3% itaconic acid were used. The linear density of the filament was 0.17 tex, and the number of filaments was as high as 2500. The fibers had a ninefold stretch. To prepare samples with the admissible linear density, the initial band was sepa rated in fragments with a linear density of ~90 tex. In the study, a method of cyclic heating and cooling that made it possible to record changes in the sample struc ture over time and to determine the reversible and irre versible deformations during heating was used. The thermomechanical measurements were made with Netzsch TMA 402 (Germany) and Ulvak Sinku Riko TM 7000 (Japan) analyzers. The working lengths of the samples were ~9 and 15 mm, respectively. Dynamic mechanical tests were performed on a dynamic mechanical attachment to the aforemen tioned TMA 402 analyzer in the temperature range from room temperature to 215°С in the cyclic stretch ing mode at a frequency of 0.63 cycles per second.
RESULTS AND DISCUSSION
The thermomechanical curves of PAN fibers show that shrinkage is nonuniform in different temperature zones and can be separated into primary and second ary components [41] [42] [43] . The primary shrinkage is due to the release of internal stresses that are accumu lated during spinning and orientational stretching of fibers [43] . It seems that the accumulation of internal
